Damage to Forests from Air Pollution 


George H. Hepting 


THe CLEAN Arr Act (10), passed 
by the 88th Congress in December 
1963, states “that the growth in the 
amount and complexity of air pol- 
lution brought about by urbaniza- 
tion, industrial development, and 
the increasing use of motor ve- 
hicles, has resulted in mounting 
dangers to the publie health and 
welfare, including injury to agri- 
cultural crops and livestock, dam- 
age to and the deterioration of 
property, and hazards to air and 
ground transportation.” 

This recognition by Congress of 
the hazards imposed by the various 
forms of air pollution to our health 
and welfare indicate that they can 
no longer be ignored and no long- 
er be considered local problems 
with which publie agencies need 
not become involved. Until recent 
years most of our streams were 
treated as common sewers into 
which virtually any liquid waste 
could be dumped. This situation 
resulted in a multitude of health, 
wildlife, and other water use prob- 
lems that have led to the wide- 
spread adoption of strong meas- 
ures for stream pollution abate- 
ment. The public has been slower to 
recognize the dangers of polluting 
the atmosphere. So long as acute 
impacts remained isolated cases, 
dealt with locally, settled by agree- 
ment or litigation, or considered the 
result of meteorological acts of 
God, the air has been widely used 
in the “common sewer” sense with 
respect to gaseous emissions. 

In recent years, however, there 
has been a slow but steady increase 
in public awareness of the chronic 
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Abstract.—Until a few years ago damage to forests from air pollution con- 
sisted mainly of localized but very severe cases of mortality and growth loss 
due to oxides of sulfur or to fluoride associated with ore reduction, with a 
minor contribution from other sources. In recent years oxidant damage, 
attributed largely to ozone in Los Angeles smog, is considered partly respon- 
sible for destroying ponderosa pine in the mountains east of that city. Oxidant 
has also been determined as the cause of a long-known needle blight of eastern 
white pine now called emergence tipburn, and evidence is accumulating that 
the eastern white pine disease long known as chlorotic dwarf may be due to 
an abiotic air-borne agent. Mortality and growth loss of this species has also 
been oceurring within a 20-mile radius of certain power plants consuming 
large quantities of soft coal. When potted ramets (vegetative reproductions) 
of selected sensitive white pine clones were exposed in an area embracing an 
industrial complex in east Tennessee, exposure for seven months resulted in 
uniformly severe damage. Ramets from resistant trees, similarly exposed, 
suffered no damage. Sensitive ramets kept out of the affected area remained 
healthy. New and important types of crop damage, including damage to trees, 
appears to be resulting from air pollution associated with our enormous urban 
development, with stack gases from new industrial processes, and with greatly 
increased emissions of stack gases from industrial plants using fossil fuels at 


rates far beyond consumption only 15 years ago. 


buildup of pollution levels in many 
parts of the world. This has been 
due in part from episodes like the 
Donora Pennsylvania, fumigation 
of 1948, the London acute smog of 
1952, the smog effects of the Los 
Angeles area, and from the clear 
evidence of chronic damage, not 
only to health but to property, to 
products of many kinds including 
paint and rubber, and to agricul- 
ture and forestry. 

The current literature on the 
causes and effects of air pollution 
is enormous and new periodicals 
on the subject have been appearing 
at a rapid rate. Good summaries 
of our air pollution problems were 
presented by McCabe in 1952, who 
assembled the contributions to the 
deliberations of the United States 
Technical Conference on Air Pollu- 
tion (24), by Stern, who edited an 
excellent compendium (35), by sev- 
eral authorities in the monograph 
“Air Pollution,” released by the 
World Health Organization in 1961 
(40), and by the Proceedings of 
the two National Air Pollution 
Conferences (37,38). The possible 
effects of ionizing radiations on 
plants are not included in the pres- 
ent review. 

Information on the many types 
of air pollution damage to eco- 
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nomic plants has been brought to- 
gether recently by Thomas (36), 
Middleton (25), and others (1, 20). 
In the past the principal pollutants 
have been oxides of sulfur from 
industrial sources and from Lon- 
don-type smog, and fluorine mainly 
from ore reduction and the prep- 
aration of phosphate fertilizers. 
Today many additional constitu- 
ents of polluted air are known to 
contribute to plant damage, partic- 
ularly ozone and peroxidized com- 
pounds such as peroxyacetyl nitrate 
(PAN), which are the main ele- ` 
ments of Los Angeles-type smog 
that are toxic to plants and ani- 
mals. Ozone and PAN result from 
photochemical reactions between 
oxides of nitrogen and organic va- 
pors mostly derived from the in- 
complete combustion of petroleum. 
In addition to the four principal 
pollutants already mentioned (sul- 
fur dioxide, fluoride, ozone, and 
PAN), plant damage has been 
caused by many other gases inelud- 
ing ethylene, chlorine, ammonia, 
hydrogen chloride, hydrogen sul- 
fide, and dthers (36). While nitro- 
gen oxides are essential to the for- 
mation of photochemical smog, and 
can themselves be toxic to plants 
(26), some consider it questionable 
that they occur in the atmosphere 
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in concentrations high enough to 
cause injury directly (36). 

Virtually all of the principal 
types of agricultural crops have 
suffered important damage from 
air pollution. A few examples 
among nonforest crops might be 
mentioned (36). Alfalfa, cotton, 
and lettuce have been readily in- 
jured by sulfur dioxide at field 
levels; gladiolus, azalea, and vac- 
cinium are among the most sensi- 
tive plants to fluorine; ozone pro- 
duces weather fleck in tobacco (13) ; 
ethylene ruins orchid blooms; and 
a recent report of the University of 
California states that the photo- 
chemical smog from Los Angeles 
has reduced the production of cit- 
rus fruit in the main California 
citrus area south of that city by 
20 to 25 percent in the past 15 
years (4). 


Past Air Pollution Impacts 
to the Forest 


Scheffer and Hedgecock (32), in 
their bulletin on injury to north- 
western forest trees by sulfur di- 
oxide from smelters, give a brief 
literature review of air pollution 
damage to forests and state that 
sulfur dioxide discharged from 
smelters had been the major cause 
of gas injury to forest trees. The 
National Research Council of Can- 
ada in 1939 released a 447-page re- 
port (29) on the effects of sulfur 
dioxide on vegetation, and damage 
to coniferous trees from smelting 
was a major feature of this report. 
Katz (19), in Canada, further de- 
seribed damage to coniferous for- 
ests from sulfur dioxide, and later 
Linzon (21) measured and docu- 
mented heavy damage to white pine 
from sulfur dioxide released in 
connection with ore smelting in the 
Sudbury, Ontario, area. Gordon 
and Gorham (12) reported on ex- 
tensive forest changes attributed 
to sulfur dioxide around an iron- 
sintering plant at Wawa, Ontario, 
where white pine failed to appear 
on test plots leeward of the plant 
for a distance of over 30 miles, 
indicating that this species was the 
most readily injured of the 30 
woody plants recorded. The sensi- 
tivity of this tree to the fumes was 
again pointed up by these authors 
when white pine showed up for the 
first time on plots 16 miles leeward 
from another source, thus making 


it also the most sensitive of the 
woody plants recorded in connec- 
tion with this source. 

The Scheffer and Hedgecock 
study (32) cites the losses from 
mortality, growth reduction, lack 
of reproduction, and other impacts 
to many species of forest trees in 
the upper Columbia River valley 
south of the Trail, British Colum- 
bia, smelter before corrective meas- 
ures were taken in 1931. Appre- 
ciable damage to conifers extended 
over 40 miles down the river from 
the smelter. These authors also 
cite the heavy damage to timber 
around the Washoe smelter in the 
vicinity of Anaconda, Montana, 
revealed by field studies made in 
1910 and 1911. 

Before corrective measures were 
instituted, the smelting operations 
in the Copper Hill, Tennessee, area, 
early in the century, had laid 
waste an area of 17,000 acres and 
damaged another 30,000 acres of 
timberland (18), mostly hard- 
woods. Much of the area is still 
virtually bare and eroding severely. 

In 1949 an intensive investiga- 
tion was started of the browning 
and dying of ponderosa pine with- 
in a 50-square-mile area around an 
aluminum ore reduction plant near 
Spokane, Washington. In this case 
the characteristie browning and 
banding was related to fluoride 
(34). Adams and his coworkers 
(2,3) have given us much infor- 
mation on the susceptibility of pon- 
derosa pine foliage, particularly 
when immature, to fluoride, and 
their work indicates a higher sen- 
sitivity of ponderosa pine and 
lodgepole pine to fluoride than 
western white pine, Douglas-fir, or 
Engelmann spruce. 

These acute cases of smelter fume 
injury, while severe, have been 
fairly local and not numerous. For 
the most part highly toxic stack 
emissions from ore reduction haye 
been controlled by yarious engi- 
neering devices and a major bonus 
of byproduct recovery has followed 
air pollution reduction measures 
in many cases. Yet sulfur dioxide 
and fluoride damage are still prob- 
lems around a great many sources. 


Present Air Pollution Damage 
to the Forest 


Since the rate of growth of for- 
est stands and the vigor and ap- 
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pearance of individual trees are 
influenced by so many site factors, 
ineluding soil type, moisture, tem- 
perature, drainage, competition, 
etc., alien impacts not identifiable 
with known diseases or insects, can 
go unrecognized unless very severe 
damage is done. Partly for this 
reason we have recognized some 
measure of air pollution damage 
in the past only where the cause 
of such damage was obvious. With- 
in recent years, however, injury 
to and death of trees over large 
areas, have been attributed to at- 
mospherie insults not related to 
smelting (16). The pollution scien- 
tist’s term, “atmospheric insult,” 
is used advisedly here, instead of 
“air pollution,” because it is not at 
all certain that the high oxidant 
levels that result in some injuries, 
such as the burning of the tips of 
eastern white pine needles result, 
mainly, from man’s activities. 

It is interesting to note that in 
four of the cases of forest tree dam- 
age recently either proven or con- 
sidered likely to be caused by at- 
mospheric constituents; namely, 
thermal power plant stack gas in- 
jury to white pine (7), ozone in- 
jury to white pine (emergence tip- 
burn [6] ), chlorotic dwarf of white 
pine (9), and chlorotic decline of 
ponderosa pine (30), pathologists 
spent years eliminating other, more 
conventional, possible causes be- 
fore new knowledge and new tech- 
niques led the investigators to a 
consideration of aerological factors. 

The loss of individual shade 
trees is seldom blamed on the at- 
mosphere unless a direct relation 
to the source of the pollutant is 
almost self-evident. Cases of kill- 
ing obviously related to such 
sources include the blighting of 
trees in close proximity to auto- 
mobile exhaust, toxic gas leaks, 
waste burners, or burning munic- 
ipal dumps. No one knows the ex- 
tent of loss of city and highway 
trees resulting from urban smogs, 
whether of the reducing (London) 
type or the oxidizing (Los Angeles) 
type, but when such data become 
available they will undoubtedly 
show that many of our tree spe- 
cies have a low tolerance to urban 
air. In a general way such toler- 
ance in the East ranges from high, 
as with the rugged Norway maple 
and the exotice gingko, to very low 
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as with the sensitive balsam fir (8). 
Recent research on the four pine 
problems already alluded to in con- 
nection with atmospheric impacts 
illustrates that the techniques and 
fields of knowledge employed in the 
solution of such problems are quite 
different from those conventionally 
used in working with parasites. 


Chlorotic Decline of Ponderosa 
Pine 

A condition called chlorotic de- 
cline, or X-disease, first noted in 
the early 1950’s has affected pon- 
derosa pine over thousands of acres 
in the San Bernardino Mountains 
of California (30). Other inter- 
mixed conifers of several genera 
and species have been unaffected. 
The decline is characterized by re- 
duction in growth; loss of all but 
the current year’s needles; yellow- 
ing, mottling, and stunting of nee- 
dles; and death of trees. Fumiga- 
tion experiments and air sampling 
data in the affected area (28) sug- 
gest that photochemical smog, ag- 
grayated by drought, is probably 
the principal cause of the decline 
of ponderosa pine in this area, in 
spite of the elevation (4,000 to 
5,000 feet above the valley floor) 
and a distance of over 50 miles 
from Los Angeles. 

Lodge (23) discusses our coun- 
try’s tendency to move from the 
reducing sulfur dioxide type of 
urban pollution toward the oxidiz- 
ing “ozone” pollution as we move 
from solid to liquid and gas fuels. 
The particulate matter in smoke 
tends to reduce photochemical smog 
through the reduction in light in- 
tensity reaching the polluted air. 
Thus, an increase in oil and gas 
consumption plus a reduction in 
smoke can bring us new high levels 
of oxidant emanating from cities 
and certain types of industrial ac- 
tivities. 

Tn southern California PAN has 
apparently been the most destruc- 
tive smog constituent, while in the 
East ozone appears to be causing 
most of the oxidant damage to 
plants (31). With respect to the 
recent changes in types of pollu- 
tion, Rodenhiser (31) emphasizes 
that whereas fluoride and sulfur 
dioxide, which are still major pol- 
lutants, are usually traceable to a 
limited number of large industrial 
plants, smog comes from “millions” 


of sources throughout our highly 
mechanized society. 


Reaction of White Pine to Certain 
Atmospheric Constituents 


Recently Berry and Ripperton 
(6) reported on studies indicating 
that one of the long-known needle 
blights of white pine, investigated 
by many pathologists since the turn 
of the century, is due to atmos- 
pheric oxidant, probably ozone. 
Berry (5) first attributed the 
term “emergence tipburn” (ET) 
to this trouble, and pointed out 
that in 1961, when an unusual 
wave of ET hit the Southeast, an 
unusual wave of tobacco weather 
fleck, also an ozone-induced dis- 
order, was reported by North Caro- 
lina State College. 

When field oxidant concentra- 
tions, expressed as ozone, reached 
6.5 p.p.hm. (parts per hundred 
million) tipburn occurred on sus- 
ceptible white pine clones. When 
the ambient air was filtered through 
an activated carbon filter, thus re- 
moving any oxidant, no tipburn oc- 
curred. Finally, when susceptible 
clones were fumigated with ozone 
at 6.5 p.p.h.m., on the basis of the 
Mast recorder, tipburn occurred 
apparently identical in symptoms 
with the tipburn occurring natu- 
rally in the field. 

Heggestad and Menser (14) pro- 
duced tobacco weather fleck at con- 
centrations of ozone, as measured 
by the Mast recorder, and exposure 
times almost the same as those used 
by Berry and Ripperton (6) in 
tipburning white pine. Thus ET 
appears to be the pine analogue of 
tobacco weather fleck, and an ex- 
planation is afforded to a perennial 
pine problem of previously un- 
determined cause. 

Emergence tipburn is probably 
one of the commonest white pine 
troubles that have long been known 
to us, that occurs in increasing in- 
tensity going northward from the 
southern Appalachian Mountains 
into New England and Canada, 
and that is seemingly unrelated to 
pathogen attack (22). A relation 
to weather, as brought out by Ber- 
ry (5) in connection with ET, by 
Linzon (22) for the same or a sim- 
ilar trouble, and as implied in the 
term weather fleck of tobacco, is a 
common denominator in these trou- 
bles. The rises in atmospheric 
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ozone, leading to these troubles, 
whether resulting from natural 
sources (36) or from polluted air 
(39), appear to be related to cer- 
tain weather patterns. 

Another baffling stunting of white 
pine, called chlorotic dwarf, that 
occurs widely in the Northeast and 
Central States is being investigated 
by Dochinger and Seliskar (9). 
Their recent report, based on graft- 
ing experiments and other studies, 
suggested that the trouble results 
“from a causal agent that acts di- 
rectly on the foliage,” and no virus, 
fungus, or other pathogen ap- 
peared to be implicated. Regard- 
ing the cause, some atmospheric 
impact has been suggested as a 
strong possibility. 

A third decline of white pine re- 
lated to one or more atmospheric 
constituents has occurred within 
about a 20-mile radius of some soft- 
coal-burning power plants. Berry 
and Hepting (7) have shown that 
while fume damage symptoms of 
the acute sulfur dioxide type, to- 
gether with elevations in foliar con- 
tent of sulfate in white pine nee- 
dles, may occur immediately 
around a plant of this type, dam- 
age of a different kind may extend 
for 20 or more miles, depending on 
wind, terrain, and other local eon- 
ditions The latter, more extensive 
type of injury, is at least tempo- 
rarily being called post-emergence 
chronic tipburn (PECT) to differ- 
entiate it from emergence tipburn 
(ET). While ET, a type of oxidant 
(probably ozone) injury, starts 
and ends during the period of 
shoot elongation and needle growth, 
PECT may start any time of year, 
typically showing up first in the 
winter. PECT is also character- 
ized by a gradual change from a 
brown tip to a green base, often 
with mottling or banding in be- 
tween. The separation of these 
two troubles from some fungus dis- 
eases of white pine is described by 
Hepting and Berry (17). 

PECT results in needle blight, a 
easting of older needles, growth re- 
duction, and often in early death. 
In the case of all three of the east- 
ern white pine troubles described 
here, as well as the smog damage 
to ponderosa pine in the San Ber- 
nardino Mountains of California, 
and fluoride damage to ponderosa 
pine in Washington (2), there is 
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striking tree-to-tree variability in 
susceptibility. Normal trees and 
trees in the last stages of decline 
may oecur side by side, indicating 
a genetic difference in resistance. 
These characteristics of resistance 
or susceptibility are retained in 
scions after they are grafted on 
stock trees of the opposite suscep- 
tibility tendency. Steps have al- 
ready been taken to establish a 
seed orchard of eastern white pine 
clones resistant to the PECT type 
of stack gas injury, 

When ramets (vegetative re- 
productions) of a PECT-suscep- 
tible clone of white pine were tak- 
en from an unpolluted area to an 
area eight miles from a coal-burn- 
ing power plant, growth was 
checked. They lost needles and the 
remaining needles developed typi- 
cal PECT symptoms. Ramets of 
the same clone, in plastic buckets 
of the same soil, that were left in 
the unpolluted area remained nor- 
mal. The trees exposed to pollu- 
tion for seven months that sur- 
viyed the exposure developed nor- 
mal foliage within two years after 
being returned to the unpolluted 
area (7). 

PECT of eastern white pine was 
observed around several thermal 
power plants in the Appalachian 
region although the offending gas 
or gases are still unknown. Al- 
though only white pine showed ob- 
vious symptoms once away from 
the immediate environs of the 
stacks, we have reasons for being 
concerned with the effects of the 
increasing output of power plant 
and industrial stack gases on our 
forest acreage (16). 


Trends in Air Pollution as 
They Affect Trees 


An impressive list of crops dam- 
aged by photochemical smog from 
urban pollution can be compiled 
(26, 36), including those in the 
categories of field, flower, fruit, 
and vegetable crops, as well as for- 
est trees. Unless measures now be- 
ing taken by various public and 
priyate agencies, and spearheaded 
on a national basis by the U. S. 
Public Health Service, can success- 
fully combat this problem in the 
near future, we can expect increas- 
ing damage to orchard, forest, and 
shade trees. As brought out dur- 
ing the last five years, we will also 


likely be recognizing certain kinds 
of damage to trees as caused by air 
pollution that we have not known 
the cause of before. 

Damage from urban smog can 
take many forms and extend con- 
siderable distances. Parmeter, Bega, 
and Neff (30) point out that the 
San Bernardino ponderosa pine 
case involves thousands of acres of 
land important not only for timber, 
but for valuable watershed needs, 
and as a recreational area that at- 
tracts more than 4 million visitors 
each year. Scurfield (33) relates 
how the British National Pinetum 
had to be moved from Kew, near 
London, to an area in Kent because 
of urban air pollution. 

Changes in our climate that have 
been taking place in the past 70 
years have been described as prob- 
ably affecting the incidence of 
many of our forest diseases (15), 
including both those caused by 
parasites and by physiogenic influ- 
ences. Certainly we would expect 
that climate effects would not only 
influence the concentration or dis- 
sipation of man-made smog and 
the amount»of light energy avail- 
able for pyotochemical reactions 
but also, through subsidence, tur- 
bulence, or other meteorologie phe- 
nomena, could affect the amount of 
stratospheric ozone that reaches the 
troposphere, which is the zone in 
which we and our plants live. In 
investigating the possible causes of 
decline in a number of forest tree 
species in the Northeast, notably 
sugar maple, ash, black walnut, 
oak, and birch, the influence of cli- 
matic changes must be considered 
(15). The possible effects of high 
oxidant levels and other atmos- 
pherie impacts are additional in- 
fluences related to weather that 
may play a part in these unresolved 
problems. We must study our trees 
in relation ‘to their total environ- 
ment, and polluted air can be an 
important. and often ignored, part 
of the environment. 

Another upward pollution trend, 
in addition to urban pollution, is 
related to thermal power produc- 
tion and it, also, is a source of some 
concern. Frankenberg (17) de- 
picts the growth in large power 
units of this type. Up to 1954 we 
had no plants with a boiler ca- 
pacity of 2 million pounds of steam 
per hour. By 1962 over 60 percent 
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of our power was generated in such 
huge new plants. More plants and 
larger plants, many using low- 
grade soft coal, mean far greater 
stack gas emissions, Since the prob- 
lem of controlling these complex 
stack gases, which include among 
other gases sulfur dioxide, fluoride, 
and oxides of nitrogen, has only 
been partly solved, we must learn 
much more than we now know 
about the impact of the increasing 
number of such large-capacity, soft- 
coal-burning industrial units on 
the surrounding forest vegetation. 

Most people today read and hear 
much about our own and British 
urban air pollution problems, es- 
pecially with regard to human 
health. From our point of view as 
foresters, it is interesting to note 
a 1962 Associated Press dispatch 
from Rome, Italy, that “ a special 
study commission says many of 
Rome’s pine trees are drying up 
(sic) largely because of gases in the 
air.” It urged city officials to take 
steps to limit air contamination 
caused by industrial fumes, smoke 
from homes and automobile exhaust 
fumes. 

Seurfield (33) presents, under 
the title “Air Pollution and Tree 
Growth,” an impressive compen- 
dium, including 258 references, of 
information on sources of air pollu- 
tion around the world, and gives 
examples of damage to different 
tree species by these pollutants in 
parts of Germany, England, Rus- 
sia, the United States, Portugal, 
Tasmania, South America, South 
Africa, India, and New Zealand. 
The more important earlier inves- 
tigations demonstrating air pollu- 
tion damage to farm and forest 
crops was done in Germany as an 
outgrowth of their industrial ex- 
pansion starting about a century 
ago. How individual trees or indi- 
vidual species react to different 
gases is interesting and important, 
but it is also important that we 
determine the expected impact of 
the many major sources of pollu- 
tion on our forest and shade tree 
resources in terms of how much 
they reduce timber and other for- 
est production, and recreational 
and civic improvement values. I 
have tried to show; first, that we 
have had notable but seattered cases 
of severe air pollution damage to 
forests in the past; second, that we 
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are being subjected to new forms 
of air pollution, as part of our 
urban and industrial growth, which 
have already severely damaged cer- 
tain tree species over considerable 
areas in the United States; and 
third, that as our research facil- 
ities, knowledge, and techniques 
improve, we are finding tree de- 
clines due to air pollution that were 
either erroneously ascribed to oth- 
er causes or to no cause at all. 


Air pollution authorities point 


out that we have gone beyond 
strictly urban problems, in the 
sense of Pittsburgh, St. Lonis, or 
Los Angeles, to regional problems 
as in southern California, the East 


Coast, 


and other industrialized 


areas. We are finding that we must 
manage our air as we do our land, 
water, and forests. 


on 
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